It is common practice to use reduced-scale experiments to develop formulae for the design of smoke and heat exhaust ventilation systems. Implicitly, up-scaling of results is assumed justified. A similar approach can be adopted with numerical simulations, i.e. a reduced-scale setup can be up-scaled to compare results to full-scale observations. However, both in numerical simulations and in experiments, scaling must be done in a proper way. The classical method for up-scaling results obtained in fire related experiments is based on preservation of the Froude number only. The present paper, focusing on the up-scaling of results by means of a series of CFD simulations of fire-induced flows in an atrium configuration, confirms this to be justified as long as the flows in both the reduced-scale and full-scale configurations are sufficiently turbulent. If this is not the case, it is illustrated that other dimensionless numbers must also be preserved in scaling, in addition to the Froude number.
Introduction
Atria are a commonly encountered architectural type of buildings. They are often found in shopping malls, hotels and office buildings. When fire occurs in a room adjacent to the atrium, a smoke plume can emerge and spill into the atrium. This spill plume then rises to the ceiling of the atrium, to form a smoke layer underneath (Fig.1) .
A smoke and heat control system can be designed in the atrium to extract smoke at ceiling level. In the past, several authors [1] [2] [3] [4] [5] [6] [7] [8] [9] developed formulae to calculate the required smoke mass flow rate ( m ) to be extracted at the ceiling of the atrium, in order to ensure a certain smoke free height (z s ) above the spill edge. The (convective) fire heat release rate ( conv Q ) and a length scale parameter of the atrium (typically a width W) appear in all these formulae. These expressions rely on reduced-scale experiments. Being less expensive, safer to control and easier to handle for a parameter variation study, and requiring less space, reduced-scale experiments are indeed usually preferred over full-scale experiments. However, for reducedscale data formulae to be used in full-scale configurations, proper scaling must be applied.
This is based on the preservation of the Froude number, which is justified as long as the flow is sufficiently turbulent. Keeping the Froude number constant, together with other 3 dimensionless numbers like e.g. the Reynolds number, proves to be very hard to accomplish in practice in experiments. The reduced-scale experimental setup should then be in nonatmospheric conditions (different gravity, and/or different "air" viscosity), which is very difficult and expensive to obtain. Therefore, only the Froude number is really kept constant in the scaling procedure.
With CFD (Computational Fluid Dynamics) calculations, parameter variation is easier. In the present paper, we perform a series of numerical simulations. The intention is to illustrate the effect of reduced levels of turbulence (in reduced-scale set-ups) in Froude number based scaling of results.
In the present paper, FDS (Fire Dynamics Simulator, version 5.5.3 [10, 11] ) is used as CFD code. Therefore the governing equations are written below as presented in the FDS manual.
However, conclusions on dimensionless numbers are valid for the equations to be solved in any CFD program. The three basic governing flow equations (conservation of mass and total momentum, and transport of sensible enthalpy), in their instantaneous form, serve as starting point. The derivation of the important dimensionless numbers is briefly described. Such theoretical studies have already been reported in text books (e.g. [12] ). The novelty in the paper at hand is a follows:
1. The limitations of Froude number scaling are illustrated by means of a set of CFD simulations of smoke and heat control in an atrium configuration, using a Large Eddy Simulation (LES) approach with the standard Smagorinsky subgrid scale model [13] to model turbulence.
It is confirmed that CFD results remain similar if, along with the Froude number, the
Reynolds number is preserved. Preserving the Froude number alone is confirmed not to be sufficient when the flow becomes weakly turbulent.
Governing equations -scaling laws
The most important scaling features are briefly mentioned, as they are relevant in the discussion of the results. For a more extensive theoretical discussion, the reader is referred to e.g. [12] .
Instantaneous equations and dimensionless numbers

Conservation of mass
For a single phase flow, this reads:
Stating that ~v tL
In time-dependent scaled simulations, it is important to use this scaling factor to compare 
that it takes longer to reach quasi steady-state conditions in larger configurations. the test case at hand, keeping Fr constant is the logical first choice, which is also followed in the derivation of the one-line formulae from reduced-scale experiments as presented in [1] [2] [3] [4] [5] [6] [7] [8] [9] .
Conservation of momentum
Maintaining temperatures equal in original and scaled setups, the Froude number is typically simplified to:
This definition for Fr is used below.
 The Reynolds number, comparing inertia and viscous forces, which is used primarily in flows with forced convection:
In both Reynolds and Froude number, L is a representative distance length scale.
Transport of sensible enthalpy
As the equation for transport of sensible enthalpy is written in the form as used in FDS simulations, the reader is referred to the FDS manuals [10, 11] for more information on the different terms in this equation.
Eq. (8) leads to:
 From transport of sensible enthalpy, the velocity scales as
 The ratio of kinematic viscosity (or 'momentum' diffusivity) and thermal diffusivity is the Prandtl number:
 Similarly, the Schmidt number expresses the ratio of momentum diffusivity and mass diffusivity:
 A final important dimensionless number is the Rayleigh number, a combination of Re, Pr and Fr. The Rayleigh number, primarily used for natural convection, is:
Influence of numerical aspects and modeling
The above presented dimensionless numbers are based on molecular thermo-physical properties. In CFD, Direct Numerical Simulation of the flow, in which all turbulent scales are fully resolved down to the Kolmogorov scale, i.e. the smallest turbulent scale, is prohibitively expensive due to the fine grid requirements. Therefore, the flow field is typically resolved on a much coarser mesh, making use of models to describe the influence of small unresolved turbulent scales on the large resolved scales. In LES, the equation for conservation of momentum is filtered, using a density weighting or Favre averaging, yielding
* denotes the residual stress tensor and represents the effect of the unresolved scales on the resolved ones. The energy equation is treated in a similar manner. The residual stress tensor is typically modeled by means of an eddy viscosity model. As such, turbulent viscosity and diffusivity are introduced, contributing in e.g. the Reynolds-number. In FDS, by default the standard Smagorinsky turbulence model is used. In this model, the turbulent dynamic viscosity is defined, as:
with  the grid cell size. Although FDS uses an adjusted modelling approach, the conclusions derived below remain valid, so that for the sake of the present paper it is not necessary to go into more detail on the FDS approach. It is interesting to note that this turbulent viscosity globally scales as:
When the ratio Δ/L goes to 0, the turbulent viscosity decreases and the simulation evolves towards a DNS simulation.
If the same number of mesh cells is used in the reduced-scale and full-scale setup, the cell size scales proportional to the configuration dimensions, the ratio /L is constant and the turbulent viscosity then scales as
This reveals that the modelled turbulence scales properly in the sense that the Reynolds number based on turbulent viscosity,
is automatically preserved. Indeed, the filtered equation for conservation of momentum (Eq.
15) yields
. Thus, using eq. (18) implies that the turbulent Reynolds number is automatically preserved when using the Smagorinsky LES model and when the grid cell size is scaled proportional to the configuration dimensions (which was the assumption leading to eq. (18)).
In a similar way, the filtered equation for conservation of energy can be derived to show that a turbulent Pr number is automatically preserved when keeping the Fr number constant.
Scaling of experiments
When scaling up experimental configurations, obviously no modeling effects are taken into account. In experimental test cases, the results are what they are, by definition according to reality (which is measured up to a certain accuracy level).
However, it is important to recall the physics of scaling when dealing with experiments.
Especially the difference between laminar and turbulent flow is important. The distinction laminar/turbulent relies on the Reynolds number (Eq. (7)) or the Rayleigh number (Eq. (14)).
If the same fluid is used in reduced-scale and full-scale setup, temperatures are kept equal and Fr is constant, the Reynolds number scales as 3/2 Re vL L , while Ra scales as This will now be discussed more extensively in the next section.
Results
Set-up of simulations
A number of CFD simulations have been performed to investigate the effects of scaling. The geometric configuration is always kept the same, similar to the atrium configuration in the experiments of [8] . In the 'basic' simulation, the atrium height equals As the rising spill plume is strongly determined by the width of the smoke layer as it emerges from the adjacent room into the atrium, the atrium width at the spill edge (W s ) is taken as characteristic length scale in the calculation of the Re and Ra numbers.
In scaling the configurations, the Froude number is always preserved. The temperature field has also been kept identical to that in the original simulation. As the height of the smoke layer is defined by application of the N-percent rule to the temperature profile [14] , the ratio of this height to the atrium height will then also be preserved. Also, c p values and densities remain practically unchanged. Gravity and ambient molecular dynamic viscosity can be changed. The
Reynolds number (Eq. 7) indeed provides the scaling for kinematic viscosity:
with v out a velocity defined below.
The turbulent Schmidt and Prandtl numbers are kept constant.
Keeping the Froude number (Eq. (6)) constant, the outlet velocity scales as 
As boundary conditions, a constant velocity v out is imposed over the entire surface of the opening in the atrium ceiling, resembling mechanical smoke extraction. The walls of the atrium are modeled as adiabatic, so that issues on thermal boundary conditions are avoided in the scaling procedure.
To represent the fire, a flow of hot air is inserted as heat source in the adjacent room of the atrium. As such, issues in combustion modeling, which are not relevant for the sake of the present paper, are avoided.
The heat release rate of this flow is calculated as
In the 'basic' simulation, the heat release rate is 4. The equivalence of velocity (Eq. 11) leads to the proper scaling law for the heat release rate of the fire:
Simulations
Eight simulations are analyzed in this paper. Table 1 In simulations 3 and 4, only the ambient molecular viscosity is modified. As Reynolds and Rayleigh numbers are high, the flow is sufficiently turbulent and a variation in the molecular viscosity is not expected to affect the result.
In simulations 5 and 6, the gravity is artificially reduced in the simulations. With Eq. (20), (21) and (23), the other initial parameters can be calculated to ensure that Re, Ra and Fr are preserved with respect to simulation 1. This kind of scaling is hardly ever possible in experiments, as changing gravity is very difficult to accomplish. Yet, it is an interesting numerical test case to perform with CFD.
Simulation 7 and 8 again concern the reduced-scale atrium, with only a change in molecular viscosity. Again, it is scaled by Froude scaling, so the Fr number is preserved, but Re and Ra are not. In fact, Re and Ra are lower than the turbulence limit in these simulations. Table 2 . Initial values of the imposed parameters in "basic" simulation 1. Ordering from left to right: laminar  turbulent. Note that the simulations carried out with higher molecular viscosities are used to address the scaling of numerical simulations, but they are not meant to be conclusive with respect to scaling of experiments. The reason for this is that we adopt a standard Smagorinsky model, from which we know it does not tend to a zero turbulent viscosity in laminar flow regimes. It is therefore possible that an experimental set-up of simulation 7 or 8 is more similar to the base case than the numerical results suggest.
It is interesting to note that simulation 4 has the same molecular viscosity as simulation 7.
Between these two simulations, only the dimensions of the setup have changed, which is the same difference as between simulations 1 and 2. However, in simulations 1 and 2 the flow is fully turbulent and thus the temperature results are in agreement.
In short, the CFD analysis confirms that Froude scaling is only allowed as long as the turbulent flow in the reduced-scale setup is fully developed, and that this is automatically captured in the simulations.
Conclusion
Scaling of results, based on dimensionless numbers, has been discussed in the context of CFD simulations of smoke and heat control in an atrium configuration.
The following aspects have been automatically captured and confirmed:
-Scaling based on only the Froude number is justified as long as all configurations display well developed turbulence.
-CFD results remain similar if, along with the Froude number, the Reynolds number is preserved. Preserving the Froude number alone is not to sufficient when the flow becomes weakly turbulent.
-Since similarity is lost if the flow is not sufficiently turbulent and only the Froude number is preserved in the scaling procedure, care must be taken not to operate in too low Reynolds or Rayleigh number ranges when performing model scale studies, be it in 'real' or 'numerical' experiments.
